Study Design. The biomechanical behavior of a biomimetic artifi cial intervertebral disc (AID) was characterized in vitro in axial compression and compared with natural disc behavior. Objective. To evaluate the strength and durability of a novel biomimetic AID and to demonstrate whether its axial deformation behavior is similar to that of a natural disc. Summary of Background Data. Current clinically used AIDs have reasonable success rates. However, because of their nonphysiological design, spinal mechanics are altered. To avoid long-term complications, a novel biomimetic AID, with a nucleusannulus structure and osmotic swelling properties has been developed. Methods. Eighteen AIDs in total were tested in axial compression. Six were loaded monotonically to determine strength. Six were tested in fatigue (600-6000 N). Another 6 were used to characterize the axial creep and dynamic behavior (0.01-10 Hz). Creep and dynamic response were also determined for 4 AIDs after fatigue loading. Results. The AIDs remained intact up to 15 kN and 10 million cycles. The creep and dynamic behavior were similar to the natural disc behavior, except for hysteresis, which was 20% to 30% higher. After fatigue, creep decreased from 4% to 1%, stiffness increased 2-fold, and hysteresis was reduced to that for a normal disc. Conclusion. A strong and durable AID design was introduced. Compared with current clinical articulating AIDs, this biomimetic AID introduces the natural disc annulus-nucleus structure, resulting in axial behavior closer to that of the natural disc.
T he intervertebral disc (IVD) is part of a 3-joint complex, that is, the motion segment, including the facet joints, surrounding ligaments, and vertebrae. The IVD consists of 2 main integrated parts; the nucleus, which resists pressure because of its swelling capacity; and the fi brous, tensile-stressbearing annulus. The result is a fi ber-reinforced, osmotic, viscoelastic disc, 1 , 2 in which viscoelasticity reduces stress concentrations, whereas osmotic prestressing prevents propagation of cracks. 3 Degeneration of the IVD is often related directly or indirectly to low-back pain. 4 Degeneration alters the disc structure and reduces the osmotic pressure. 5 This, in turn, degrades functionality of the whole motion segment and may affect the surrounding tissues. For example, the loss of proteoglycans, resulting in a lower osmotic pressure, will lead to a loss of water, which causes a lowered disc height, which in turn may increase facet loading.
In the surgical treatment of low-back pain, the gold standard is fusion, which aims to resolve pain by restoring the disc height and blocking motion. However, concerns of adjacent segment disease, 6 , 7 donor site morbidity, and loss of motion have led to the introduction of total disc replacement (TDR). TDR aims at motion preservation by replacing the natural IVD with an artifi cial intervertebral disc (AID). Current clinical AIDs, that is, the CHARITÉ (DePuy Spine, Inc., Raynham, MA, USA), Prodisc (Synthes, Inc., West Chester, PA, USA), and Maverick (Medtronic, Inc., Minneapolis, MN, USA), provide reasonable results, at least in the short term. In most clinical studies, 8 -11 the success rates were found to be similar to fusion. Others found that implantation of these AIDs could lead to changes in the range of motion, 12 -14 an altered motion pattern (quality of motion), 15 and a different segmental lordosis. 16 These changes may cause overloading of the facet joints 17 -19 and increase the risk of adjacent segment disease. 20 In addition, wear was found, 21 , 22 which could be detrimental to the device or may affect the surrounding tissues. Hence, the altered mechanics of the segments may be a cause of the unsatisfactory clinical results.
These mechanical changes are likely explained by the different type of motion that these AIDs provide. Where the natural disc allows motion by deformation, these AIDs are articulating ball-and-socket joints in which motion is provided by the sliding of 1 surface relative to the other. As a consequence, the IVD has an inherent resistance to motion, which these AIDs do not have. On the contrary, in the axial direction, these AIDs are rigid, providing little or no shock absorption , 23 From the Department of Biomedical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands state that motion preservation should adequately capture the motion pattern (quality of motion) to refl ect implant loading, spine kinematics, and tissue load sharing. Hence, to improve the effectiveness of AID treatment, the aims of arthroplasty should be not only to restore disc height and range of motion but also to provide physiological motion patterns, shock absorption, spinal alignment, protection of the surrounding tissues, and device stability.
Several second-generation TDRs have been proposed that deviate from the ball-and-socket designs, that is, polycarbonate urethane designs such as the Freedom Lumbar disc (Axiomed, Cleveland, OH) and the Physio-L 28 (Nexgen Spine, Whippany, NJ), and more biomimetic design such as the M6 artifi cial disc (Spinal Kinetics, Sunnyvale, CA), composed of metal end plates, a polymer core, and a fi ber encapsulation, the double-stranded ultra-high-molecularweight polyethylene 3-dimensional (3D) fabric disc, 29 and a poly methyl methacrylate/2-hydroxyethyl methacrylate (PMMA/HEMA) disc, reinforced with PET fi bers as proposed by Gloria et al. 30 , 31 In this study, a novel biomimetic AID is introduced, mimicking the fi ber-reinforced, osmotic, viscoelastic, and deformation properties of the IVD. Its concept is based on the hypothesis that the better the material structure of the IVD is mimicked, the better its functionality is mimicked. Hence, the AID comprises a swelling, fi xed-charge, hydrogel core (the nucleus) and a surrounding fi ber jacket (the annulus). The goals of this initial study were to (1) evaluate the strength and durability of the biomimetic AID and (2) demonstrate whether its axial deformation behavior is similar to that of a natural disc. Because the AIDs are the fi rst prototypes of a new concept, this study aims at identifying trends and evaluating the feasibility of the design, not establishing the safety and optimized performance of a fi nal product.
MATERIALS AND METHODS
The biomimetic AID 32 , 33 is composed of an ionized hydrogel 34 enveloped in a membrane and 5 layers of a fi ber jacket ( Figure 1 ). The hydrogel core (28 × 42 × 6 mm) was cut from a larger gel (6 mm thick, Ø 75 mm). This gel was polymerized in a water bath (45 ° C), inside a mold fi lled with a polyurethane foam (MCF.03, Corpura B.V., Etten-Leur, The Netherlands), soaked by a monomer solution ( Figure 1 ) were inserted between the jacket layers, at the top and bottom of the AIDs. For the creep and dynamic experiments, end plate rings were used with 6 titanium bone anchors (length 5 mm, Ø 1 mm) welded on them.
In vivo, these anchors are intended to be pressed into the vertebral bone for initial fi xation. Eighteen AIDs were manufactured by fi rst wrapping the membrane around the hydrogel and then putting it inside the jacket. The open end of the jacket was twisted, and the jacket was turned inside out again around the core. Then, for both sides, the jacket was folded around the end plates. After twisting and folding once more, the opening of the jacket was sewn with Dyneema Purity fi ber. The nominal lateral and sagittal diameters of the AIDs were 48 and 35 mm, respectively. The nominal height was 12 mm at 200-N preload. The swollen AIDs in 0.15 M NaCl had a water content of about 40% (wt/wt). 
Mechanical Testing
The AID was evaluated for strength (n = 6) and durability (n = 6), and its creep and dynamic response were measured (n = 6). The experiments were performed with a material test system (858 Mini Bionix II, MTS Systems Corporation, MN), in 0.15 M NaCl solution at 37 ° C, except the creep experiments, which were performed at room temperature. Strength measurements were performed using parallel stainless steel plates. For the other experiments, porous stainless steel plates (CKR150, GKN Sinter Metals, Hofte BV, Mijdrecht, The Netherlands) were used with a porosity of 150 μ m. This allowed fl uid fl ow on all sides of the AID. The plates contained holes (Ø 1.5 mm) for the bone anchors. All AIDs were preconditioned with 5 cycles (200-2000 N, 25 N/s), followed by 2 hours' recovery at 200 N (or 0 N before the creep experiment). Strength was determined by quasi-static axial compression (0.001 mm/s) up to 15 kN (the machine maximum), after which the load was removed. Failure was defi ned as a force drop ( > 5%) at constant displacement, or a thickness decrease ( > 50%) compared with the thickness after preconditioning. The strength was defi ned as the highest load before failure, or "higher than 15 kN." After testing, fi ber damage was inspected at the outside of the jackets with a stereomicroscope (Zeiss, Darmstadt, Germany) mounted with a digital camera (Evolution VF, Media Cybernetics, Bethesda, MD). The jackets were opened to visually assess hydrogel damage.
To determine durability, the AIDs were axially loaded (600-6000 N) at 10 Hz. A diurnal cycle, consisting of 16-hour loading and 8-hour recovery at 200 N, was applied 18 times (10,368,000 loading cycles). "Failure" was defi ned as 1 or more of the following: (1) a decrease ( > 20%) in thickness compared with the beginning of the loading period; (2) a thickness decrease ( > 5%) at the start of 1 loading period relative to the previous one; (3) a thickness decrease ( > 50%) compared with the thickness after preconditioning; or (4) visible extrusion of gel particles. The height at 6000 N and the displacement were monitored at the beginning and end of each loading period and averaged more than 100 cycles. Damage was inspected as mentioned earlier.
The AID axial creep behavior and its dynamic response were compared with the natural disc. The AIDs were subjected to 5 creep cycles, consisting of 20-minute compression at 1300 N (about 1 MPa), and 40 minutes' recovery at 0 N, based on Dhillon et al. 25 The last creep curve (at 1 MPa) was compared with the range of natural IVD responses, as described by the creep model used by Dhillon et al. 25 In this study, the initial IVD height was assumed equal to the average initial AID height.
The dynamic response was determined using the protocol of Smeathers and Joanes
24
; after equilibration of the AIDs at 37 ° C and 20 N, 2 sinusoidal cycles (750 ± 250 N) were applied at 10.0, 1.0, 0.1, and 0.01 Hz. In between frequencies, recovery at 20 N was allowed. This sequence was repeated 3 times, with 30-minute recovery in between. The dynamic stiffness and hysteresis were calculated for each frequency from the average load-displacement curves. 24 The creep and dynamic protocol was also applied to 4 AIDs after fatigue testing (postrecovery > 7 days at 0 N = "postfatigue AIDs").
The measured stiffness was corrected for the setup stiffness by K AID = K m /(1 − K m / K s ), with K s the setup stiffness, K m the measured stiffness (AID plus setup), and K AID the AID stiffness. K s was determined between 500 and 1000 N by loadcontrolled static axial compression up to 1200 N, with a rate of 25 N/s.
RESULTS
No failure of the jacket or membrane was found up to 15-kN (30%-35% strain) static compression. Three AIDs showed a single crack (length 5-15 mm) in the center of the hydrogel, 1 showed multiple larger cracks, and 2 hydrogels were undamaged. The average AID thickness after preconditioning was 11.9 ± 0.7 mm (n = 6).
All AIDs, tested for 10 million cycles, remained intact; they did not show failure of the membrane or jacket ( Figure 2 ,  left) . In the hydrogel cores, cracks were found, mainly in the center ( Figure 2 , right) . The height decreased most significantly in the fi rst 2 days up to about 1 million cycles ( Figure 3 , left). The displacement amplitude decreased in time, toward an equilibrium ( Figure 3 , right) . The average AID thickness, after equilibrium, was 11.9 ± 0.8 mm (n = 6).
The AID creep strain was 3.8% ± 0.5% after 20 minutes ( Figure 4 ) . The creep response of the postfatigue AIDs ( Figure 4 ) was 3 times lower (1.0% ± 0.3%). The mean AID dynamic stiffness increased, with frequency, from 3.0 to 4.7 kN/mm ( Figure 5 , left) , and the hysteresis decreased from 79% to 40% ( Figure 5 , right). Compared with these AIDs, the postfatigue AIDs had a higher mean stiffness ( Figure 5 , left) and a lower hysteresis ( Figure 5 , right) . After preconditioning, the average AID thickness (n = 6) was 14.1 ± 1.4 mm. For the postfatigue AIDs, the average thickness was 11.6 ± 1.4 mm.
DISCUSSION
To determine the feasibility of a novel biomimetic AID, its strength, durability, and axial behavior were evaluated. The function of the AID remained intact up to 15 kN in quasistatic compression and for 10 million cycles (6000-N peak). The AIDs exhibited an axial creep and dynamic response similar to that of the natural disc.
The absence of functional failure up to 15 kN ensures a strength exceeding 8 kN, the maximum in vivo force, 35 and the compressive strength (2-14 kN) of human lumbar motion segments. 36 Hence, the AID resists normal in vivo loads and is at least as strong as the natural motion segment. 36 However, mainly found in the center of the gel, probably caused by the extra pressure due to the twist in the jacket. The reason why the damage does not lead to functional failure is probably that the swelling pressure, while in the jacket, closes the cracks, 3 illustrating the relevance of the biomimetic design in reproducing the IVD function. Hence, current results indicate a durable AID under axial daily loading.
The AID creep response was in the range of the natural IVD, although the initial response was faster ( Figure 4 ). This is related to fl uid outfl ow, indicating a higher permeability compared with the natural disc. In contrast, the postfatigue AIDs allowed only a third of the creep strain, but now the initial response was within the IVD range ( Figure 4 ) . The AID stiffness fell within 1 standard deviation of the mean stiffness of the natural disc 24 but was about 3 times higher for the postfatigue AIDs ( Figure 5 , left) . The AID hysteresis was higher than the IVD hysteresis 24 ; however, after fatigue, the hysteresis was lower and fell within the natural disc range, except at 10 Hz ( Figure 5 , right) . Hence, fatigue loading seems to alter the response of the AID, which should be taken into account in manufacturing the device or in preconditioning of the AID before testing or implantation. However, these differences may also be caused by differences in construction. The jacket could be wrapped less tightly around the gel in the AIDs with bone anchors (nonfatigue AIDs), allowing more space for the gel to swell, which may lead to lower osmotic pressure, lower stiffness, and higher hysteresis. Nevertheless, the overall responses of the AIDs, with or without fatigue load, are in the same order as for the natural IVD. Fine-tuning of the properties of this fi rst prototype, for example, geometry, gel composition, or jacket fi ber density, may improve the emulation of the IVD behavior.
The IVD properties were determined on motion segments, 24 hence allowing for end plate deformation. This deformation is in the same order as the IVD deformation 38 itself. In contrast, the plates between which the AIDs were gripped were virtually rigid. In addition, in vivo, end plates might have a different porosity as the porous metal plates. The discrepancy in these boundary conditions may lead to an overestimation of the AID stiffness compared with the stiffness of its natural counterpart. Hence, optimally, a more exact comparison with the natural disc behavior should include vertebral behavior as well.
The equilibrium force (200 N) after preconditioning represents loading while in the supine position. 36 Equilibrium at 0 N different strain rates may lead to different strength values. In addition, the infl uence of combined bending moments, for example, fl exion, may infl uence the risk of failure. The optimal life span of a spinal implant would be 40 years, which was estimated to represent 85 million loading cycles 37 : 80 million cycles up to 1250 N (walking, 2 Hz) and 5 million cycles up to 2250 N (weight lifting, 0.5 Hz). 35 Because of limited time, however, 10 million cycles, with a relatively high frequency, were applied, which is the minimum requirement 37 (ASTM F2346). Optimally, the maximum fatigue load should be 75% of the static failure load (ASTM F2346), but this load could not be determined for the AID. Therefore, the fatigue load was chosen as 75% of the maximum in vivo load (8 kN) . 35 This maximum load was 3 to 5 times higher than the daily loads of walking and weight lifting. In general, fatigue life increases with lowering of the load. In addition, the height and displacement ( Figure 3 ) show that after initial settling of the AID, the implant is stable, maintaining its function. This initial settling of the AID is probably caused for the largest part by settling of the jacket layers, especially the twists in the jacket. There were some further, albeit minor, changes in height and displacement with cyclic loading, which was recoverable upon unloading and, thus, assumed to be due to further water loss from the AID. The AIDs sometimes showed internal cracking of the hydrogel, although the membrane and jacket remained intact, and no functional failure of the AID was found. The cracks were As mentioned before, it is essential for prosthesis to mimic all DOF, and additional experiments are necessary to show how the novel swelling AID behaves.
Hence, the following step will be 6-DOF testing. To perform such studies, the method for vertebral anchorage must be evaluated and developed because it will be essential for proper functionality in the other DOF. In this study, a fi rst prototype with standard component material properties was tested. Therefore, for an optimal behavior, the combination of materials, size of gel, fi xed charge density, jacket design, and so forth, should be optimized. In addition, the exact surgical techniques should be determined before conducting preclinical animal studies. Although all components are biocompatible, the whole construct should still be tested for biocompatibility. Finally, before clinical trials can be initiated, good manufacturing practice (GMP) manufacturing protocols are necessary.
In conclusion, a strong and durable AID was developed. Compared with current AIDs, this biomimetic design introduces the IVD annulus-nucleus structure, which resulted in axial behavior closer to that of the natural disc. The AIDs showed swelling, viscoelastic behavior, and shock absorption capacity close to the natural disc, which is important for energy dissipation, preventing overloading of surrounding tissues and reducing stress peaks in the AID and surrounding tissues. Although the AID behavior in all 6 DOF still needs to be demonstrated, this biomimetic prosthesis is expected to provide motion by deformation and load transmission along the spine in a similar way as the IVD. Consequently, current concerns like wear, adjacent segment disease, and facet overloading may be minimized. Hence, these initial results suggest that this novel implant may prove to be a suitable AID. resulted in a height approximately 2.0 mm higher, which is partly explained by the load difference. However, contact at 0 N was infl uenced by friction between the bone anchors and the holes in the plates, resulting in an overestimation of the height, which was found to be higher than the nominal height of the AID. This uncertainty in height infl uenced the creep results but affected both IVD and AID strain values, which is not expected to infl uence the results or conclusions signifi cantly.
The AIDs were manufactured manually, resulting in variation among the AIDs. However, this does not affect the conclusions of this study. A more reproducible method should be developed in the future. As mentioned, 2 different membranes were used, with similar porosity. Because of the minimal thickness of the membrane, it is not expected that the type of membrane affects the creep or dynamic response. However, mechanically, the UHMWPE membrane is inferior to the Gore-Tex membrane because of its lower toughness. Hence, even with the inferior membrane, the AID strength was good.
Currently, the ASTM standard (F2346) available for testing spinal implants is not suitable for testing an osmotic swelling disc. Hence, this standard was taken as a reference and adapted where needed. In this study, only the axial direction was characterized. An AID, however, aims to mimic the IVD behavior in all 6 degrees-of-freedom (DOF), which is important to protect the surrounding tissues and to prevent, for example, overloading of the facet joints. Therefore, future studies should elucidate the performance of the novel AID with respect to the 5 DOF not tested in this study.
Experiments similar to this study were, to our knowledge, not performed on other devices. However, it was shown, using a different set of tests, that the Prodisc and Maverick provide negligible shock absorption 23 ; that is, the total applied force was transmitted through the prosthesis, and no energy was dissipated. Second-generation designs like the PMMA/ HEMA disc, 30 , 31 and the 3D fabric disc, 29 although using different test protocols, demonstrated nonlinear, energy-dissipating, axial behavior, closer to the natural disc, indicating a promising approach for biomimetic designs. On the contrary, the HEMA/PMMA disc was predicted, using fi nite element analysis, 39 to be too stiff in the other DOF, and the results on the 3D fabric disc show that range-of-motion maintenance varied among studies, 40 -43 joint laxity increased, 43 , 44 and results were dependent on initial temporary rigid fi xation. 44 
➢ Key Points
A biomimetic AID was developed, including a swelling nucleus-like hydrogel core, surrounded by a fi brous annulus-like jacket. The biomimetic AID was a strong and durable device, resisting 15 kN in quasi-static compression, and 10 million fatigue cycles. 
